B-cell immunoglobulin binding protein (BiP) is an essential endoplasmic reticulum (ER) chaperone normally found in the ER lumen. However, BiP also has other extracellular and intracellular functions. As it is unclear whether peripheral BiP has a signal and/or ER retention sequence, here we produced and biochemically characterised four variants of BiP. The variants differed depending on the presence or the absence of signal and ER retention peptides. Proteins were purified using nickel affinity chromatography, and variant size and quality were confirmed using SDS/PAGE gels. The thermal denaturing temperature of these proteins was found to be 46-47°C. In addition, we characterised nucleotide binding properties in the absence and the presence of divalent cations. Interestingly, in the absence of cations, ADP has a higher binding affinity to BiP than ATP. The presence of divalent cations results in a decrease of the K d values of both ADP and ATP, indicating higher affinities of both nucleotides for BiP. ATPase assays were carried out to study the enzyme activity of these variants and to characterise the kinetic parameters of BiP variants. Variants with the signal sequence had higher specific activities than those without. Both Mg 2+ and Mn 2+ efficiently stimulated the ATPase activity of these variants at low micromolar concentrations, whereas calcium failed to stimulate BiP ATPase. Our novel findings indicate the potential functionality of BiP variants that retain a signal sequence, and also reveal the effect of physiological concentrations of cations on the nucleotide binding properties and enzyme activities of all variants.
as well as the trafficking of misfolded protein to the ER-associated degradation system [1, 2] . BiP is comprised of multiple functional sequences (Fig. 1A) . The N-terminal signal sequence of human BiP (huBiP, amino acids 1-18) directs the protein to the ER, whereas the C-terminal KDEL sequence (amino acids 651-654) functions to retain BiP within the ER [3] . The nucleotide binding domain (NBD) (amino acids 125-280) in the N terminus binds to ATP and ADP in a cycle that controls protein substrate binding and release, while the substrate binding domain (SBD) in the C terminus (amino acids 420-500) aids the interaction with substrate protein chains. In addition, a hydrophobic flexible linker region (amino acids 409-419) mediates BiP-BiP interactions and is exposed when BiP is in the ADP-bound state, but is not accessible when BiP is in the ATP-bound state [4] [5] [6] .
Cations act as cofactors in nucleotide binding and Mg 2+ is the chosen cation for BiP nucleotide binding studies, although Mn 2+ and Ca 2+ may also affect ATPase activity [7, 8] .
Despite the presence of signal and KDEL sequences, BiP has also been detected in/at the nucleus, mitochondria, on the cell surface and extracellularly [9] , and in vitro, BiP release into the cell culture medium of oviductal epithelial cells has been reported [10] . In humans, BiP has also been found in the synovial fluid and its precursor was found in the saliva of individuals with Rheumatic arthritis (RA) [12] . Tsunemi et al. [11] also detected BiP in the sera of gastric cancer patients. In circulation, BiP may behave as a resolution-associated molecular pattern (RAMP), by antagonising proinflammatory mediators and re-establishing homeostasis of the immune system [13] . These properties led to clinical trials of recombinant BiP in therapies for RA [12, 14, 15] . It is possible that malfunctioning protein trafficking or an aberrant ER retention process could lead to extracellular distribution of BiP variants such as BiP with or without its signal and/or retention sequence. Therefore, we hypothesised that BiP variants could execute non-ER-associated physiological functions intra-or extracellularly, dictated in part by the presence or absence of signal or retention sequences. To test potential differences in the biochemical properties of huBiP variants, we completed an extensive characterisation of their stability and nucleotide binding in the presence of different cations. From these studies, we conclude that the presence of the signal sequence influences the nucleotide binding and ATPase activity of these proteins in the presence and absence of divalent cations.
Materials and methods

Cloning of full-length human BiP and variants
Human S
À /K + BiP cDNA [16] was kindly provided by K. lysozyme (Sigma-Aldrich) (buffer A) for 3 h at 4°C. The lysates were subsequently incubated for 1 h with 1 mgÁmL À1 DNase I (Sigma-Aldrich) at 4°C and centrifuged for 30 min at 27 000 g at 4°C. The supernatant was added to a pre-equilibrated HIS-SelectÒ Nickel Affinity Gel (Sigma-Aldrich) in 30 mM HEPES-KOH, pH 7.8, 150 mM NaCl (buffer B) and incubated for 10 min at 4°C. Afterwards, the resin was washed with buffer B and the different proteins eluted using 30 mM HEPES-KOH, pH 7.8, 150 mM NaCl and 250 mM imidazole (buffer C). The eluted proteins were concentrated using Vivaspin concentrators (5 kDa molecular weight cut-off; Sartorius, G€ ottingen, Germany) and the buffer exchanged to buffer B 10 desalting columns (GE Health Care, Cardiff, UK) according to the manufacturer's instructions. Protein concentrations were determined using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Dublin, Ireland) with 250 to 300 nm spectra collection and a reading at 280 nm.
SDS/PAGE
Reducing SDS/PAGE 69 sample loading buffer was added to purified proteins with subsequent denaturation for 10 min at 95°C as previously described [17] . The samples were loaded onto 10% acrylamide gel and run using 19 Tris-Glycine buffer (25 mM Tris, 0.192 M glycine, 0.1% SDS) at 200 V for 1 h at room temperature until the PageRuler TM prestained protein ladder (Thermo Fisher Scientific) was fully resolved. The gels were stained with a solution containing 2.5 g of Coomassie Brilliant Blue R-250 in 450 mL methanol, 100 mL glacial acetic acid (all from Sigma-Aldrich) and 450 mL milliQ water.
The expression of huBiP variants in crude cell extracts and the purified recombinant proteins was verified by western blotting using a polyclonal rabbit anti-BiP-antibody 
Native PAGE
Native PAGE was carried out as previously described with slight modifications [18] . In short, nonreducing 69 sample loading buffer (600 mM Tris/HCl pH7.8, 50% glycerol, 0.02% bromophenol blue) was mixed with 15 lg of recombinant protein and loaded onto 6% gel. The gel was run in Tris-Glycine buffer without SDS (25 mM Tris and 192 mM glycine) at 200 V for 45 min until the PageRuler TM prestained protein ladder (Thermo Fisher Scientific) was fully resolved and stained with Coomassie Brilliant Blue R-250 as described above.
ATPase activity measurements
ATPase assays were performed using a Malachite Green Phosphate Assay Kit (Universal Biologicals Ltd, Cambridge, UK) according to the manufacturer's instructions. Reaction mixtures were prepared in triplicate in a final volume of 160 lL, using 10 lg of protein in 30 mM HEPES-KOH, pH 7.8, 150 mM NaCl, 20 lM ATP and 2 mM MgCl 2 and incubated for 60 min at 37°C (adapted from [19] ). The samples were transferred into 96-well plates, and the concentration of phosphate was measured at 620 nm using a Varioskan flash plate reader (Thermo Fisher Scientific) with SKANIT software 2.4.3 (Fisher Scientific, Dublin, Ireland). For calculating the kinetic parameters such as K M and V max , the same protocol was used except that the concentrations of cations and nucleotides were varied. The resulting data were analysed, and kinetic parameters calculated using the MichaelisMenten equation with GRAPHPAD PRISM 5 software (GraphPad Software, San Diego, CA, USA).
Differential scanning fluorimetry
Differential scanning fluorimetry (DSF) was used to study the stability, nucleotide binding and the effect of divalent cations on the nucleotide binding, as described elsewhere [20, 21] . Experiments were performed using 19 fluorescent dye Sypro Orange (Applied Biosystems, Dublin, Ireland) in 30 mM HEPES-KOH, pH 7.8, 150 mM NaCl, with fulllength huBiP and variants, set at a fixed concentration of 1 lM alone, or with titrations of cofactors ( Table 1 ). The samples were transferred to 96-well Fast Thermal Cycling Plates (Applied Biosystems, Thermo Fisher Scientific) and subjected to a heating ramp of 1.0°C per min from 25 to 90°C, with fluorescence intensity readings at 470 and 550 nm of excitation and emission wavelengths, respectively, using a StepOnePlus System (Applied Biosystems). Data were analysed using PROTEIN THERMAL SHIFT SOFTWARE V1.1 (Applied Biosystems) and GRAPHPAD PRISM 5 software (GraphPad) as described previously [20, 21] . The dissociation constant was calculated according to Vivoli et al. [21] using the following equations:
In these equations, c h is the standard reference concentration, D c G is the Gibbs free energy change of the reaction, R is the molar gas constant, DH is the enthalpy change in the reaction, and DS is the entropy change in the reaction.
Protein quantification
The molecular weights and molar extinction coefficient of the proteins, 30 495 M À1 cm À1 at 280 nm, were calculated using Expasy Protparam tool (https://web.expasy.org/prot param/) and the human amino acid sequence. To determine the concentration, the absorption of purified proteins was measured at 280 nm using a NanoDrop 2000 Spectrophotometer. The relative amounts of oligomeric species of the BiP variants in Coomassie-stained native polyacrylamide gels were quantified by scanning the native PAGE gel using 
Statistical analysis
Statistical analysis was carried out using an unpaired t-test.
A minimum of two experiments were performed in triplicate and data depicted as SD AE mean.
Results
Human BiP expression, purification and preliminary characterisation
Various forms of BiP have been described to occur under physiological and pathological conditions including ER stress and on the cell surface of cancer cells [9, [22] [23] [24] . To investigate biochemical activities of these BiP variants, we cloned huBiP variants containing or lacking the signal and KDEL sequence ( Fig. 1 ) and produced them in BL21 codon plus RIL E. coli cells and have a C-terminal 69 His-tag, enabling purification using immobilised metal affinity columns (Fig. 1A,B) . Here, we demonstrated the feasibility of producing, from 500 mL cultures of E. coli BL21-CodonPlus (DE3)-RIL cells, 5-8 mg of full-length huBiP and its variants, at a concentration of 10-20 lgÁlL
À1
. Batch quality was confirmed using SDS/ PAGE. Coomassie Brilliant Blue staining of gels showed that the size of the purified proteins was larger than 70 kDa, as expected (Fig. 1B) . The SDS/PAGE also showed that the purified proteins were highly pure and had minimal contaminants or degradation. The estimated molecular weights of the proteins, derived from the cDNA sequences, were as follows: S
71.2 kDa. Thus, the maximal difference between variants is about 2 kDa, an amount that is not detectable using SDS/PAGE in a protein of this size.
To confirm the oligomeric state of the recombinant proteins, samples were separated on a native PAGE gel. All variants were found to exist as monomers, dimers and higher oligomer forms (Fig. 1C) . For all variants, about 5% of native protein was oligomeric, while between 20% and 30% was dimeric, and 60-70% monomeric protein (Fig. 1D) . We also used the nondenaturing PAGE to study the effect of divalent cations and nucleotides on oligomerisation. In the presence of ATP alone or in combination with divalent cations, dimers were converted into monomers, whereas cations or ADP alone, or in combination, did not have an effect on oligomerisation ( Fig. 2 shows a representative experiment using BiP S
Highest ATPase activity is associated with S + BiP variants
The impact of the presence or absence of the signal sequence and/or KDEL on the ATPase activity of huBiP variants was tested using triplicate samples of independently purified protein batches. BiP that retained the signal sequences (BiP S showed a trend towards a lower ATPase activity than full-length (S + /K + ) BiP, but the difference was not found to be significant (Fig. 3 ). These findings suggest that all recombinant proteins were produced and purified as functional proteins and that the signal sequence modulates ATPase activity.
Low concentrations of divalent cations efficiently stimulate the ATPase activity of BiP
Initial experiments characterising the ATPase activity of huBiP variants were performed in the presence of and a combination of cations and nucleotides as indicated were incubated at 25°C for 10 min and were loaded on a Bis-Tris 6% gel, and native PAGE was performed using Tris-Glycine as running buffer. After electrophoresis, the gel was then stained with Coomassie Brilliant Blue. . However, at 100 lM or above, Mn 2+ stimulates the ATPase activity of huBiP less efficiently than at 10-30 lM concentrations. It is important to note that concentrations of 20-50 lM of Mn 2+ were found in normal brain, whereas concentrations of 60-150 lM of Mn 2+ may already represent pathological levels [25] . Increasing the Mn 2+ concentration reduced the stimulatory effect of the divalent cation even further, such that at 10 mM, Mn 2+ stimulation of BiP ATPase was no longer detected (Fig. 4A,B) . In contrast, Mg 2+ stimulated the ATPase in very wide range from 10 to 10 mM concentrations and did not have any inhibitory effect (Fig. 4A,B) . Interestingly, the concentration of free Mg 2+ was determined to be 0.8-1.2 mM in the ER [26] . It is important to note that the huBiP ATPase did not show a clear maximal activity in this wide concentration range of Mg 2+ , and the difference between the ATPase activities at 100 lM, when compared to that measured at 10 mM, was only 15% (Fig. 4A,B) . Both Mg 2+ and Mn 2+ cations stimulated the ATPase activity of BiP with optimal concentrations of approximately 50 and 25 lM, respectively. Calcium did not have any stimulatory effect on the ATPase activity of BiP S + /K + (Fig. 4C ).
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Preferential interaction of BiP variants with ADP rather than ATP
Physical interactions of proteins with their ligands, cofactors and substrates can stabilise interacting protein domains and thus cause an increase in the melting temperature of proteins. In keeping with the methods of others [27] , DSF was used to analyse the melting temperature of all BiP variants in the presence or absence of nucleotides. In the absence of ADP or ATP, the melting temperatures of the BiP variants tested here ranged from 45.1 to 45.8°C (Fig. 5A ). Thermal denaturation profiles demonstrated the unfolding of the N-terminal (peak 1) and C-terminal (peak 2) of these proteins (Fig. 5B ) similar to previously published results [8] . . The proteins with the signal sequence had the highest activity compared to the other variants with no signal sequence. An unpaired Student's t-test was performed, and significant differences were observed between fulllength huBiP and variant S support ATPase activity (Fig. 4A-C) . To determine the effect of divalent cations on nucleotide binding in more detail, we focused on the longest (S Fig. 7C ,D, also see Table 1 ). Thus, the affinity of the two BiP variants for both nucleotides increased 2-to 10-fold in the presence of divalent cations ( We were particularly interested in ATPase activities occurring at submillimolar concentrations of Mn 2+ , as these represent normal physiological levels found within the human brain. Specifically, a concentration , while concentrations of 60.1-158.4 lM of Mn 2+ can be considered to represent threshold pathological levels [25] . Based on these findings and on our Mg 2+ -and Mn
2+
-dependent ATPase activity data (Fig. 4) , we used 50 lM of Mg 2+ and 25 lM of Mn 2+ for kinetic profiling. In the presence of either cation, the ATPase reaction showed a hyperbolic function for both BiP variants (Fig. 8) . The V max values of both BiP variants with both divalent cations were similar (Table 2 ). However, in the presence of 50 lM Mg whereas the three other V max values were very consistent and they varied less than 5% from each other ( Table 2 ). In contrast, the K M values differed by a factor of up to 3.7 ( Fig. 8 and Tables 1 and 2 ), revealing the possibility of another mechanism being the rate-limiting step in the ATPase reaction under this condition, for example, the formation of the transition complex or the possibility that a secondary nucleotide binding site may modulate the ATPase reaction. BiP, indicating that at high ATP concentrations, ATP hydrolysis is no longer influenced by this apparent inhibitory mechanism, which usually would regarded as a competitive inhibition.
Discussion
B-cell immunoglobulin binding protein is an ER-resident chaperone with several intra-and extracellular functions. The intracellular functions of BiP include calcium binding, folding of unfolded protein, supporting transport of proteins into the ER, trafficking of misfolded proteins for degradation and regulating the unfolded protein response, whereas in its extracellular activities, it interacts with the immune cells and has anti-inflammatory properties in the context of RA [1, 28, 29] . All or most of these functions require BiP-ATP or BiP-ADP interactions [1, 29] . Nucleotide binding of BiP causes a conformational change of the protein and assists in its binding to newly synthesised peptides to catalyse their proper folding. To study the basic functions of huBiP, we expressed four variants, including the full-length protein and those lacking the signal peptide, the KDEL ER retention sequence or both. The purified recombinant proteins show the correct size, varying slightly, depending on the presence or absence of signal/KDEL peptides. Here, it is important to note that the presence of six histidines has no effect on the biochemical properties of BiP, as previously reported [18] . Native BiP exits as a monomer, dimer and in higher oligomeric forms [17] . All these forms were also determined for the full-length recombinant BiP, and its variants studied here as shown by the native PAGE, which, with the DSF data, suggests that these recombinant proteins are properly folded. These higher oligomeric forms may act as a reservoir and can be instantly converted into active monomeric forms upon demand [30] . Binding of ATP can also convert BiP dimers to monomers [31, 32] . Full-length huBiP and the shortest version were tested using native gels for their oligomerisation in response to nucleotides and divalent cations and were shown to behave similarly in the presence of ATP alone or in the presence of ATP and divalent cations. This effect was not seen with ADP. Previous reports showed that ATPase activity and nucleotide binding properties are conserved functions of heat shock proteins [33] and that divalent cations such as Mg 2+ , Mn 2+ and Ca 2+ impact on the ATPase activity of non huBiP [1, 7, 18] . To further characterise the purified recombinant huBiP variants, we investigated their melting temperatures including the melting temperature shift in the presence of nucleotides using DSF and their ATPase activities. We determined that all variants had a similar melting temperature and that the melting curves of all four variants were similar to those previously described for nonhuman S À /K + BiP [8] . For the latter, it has been reported that the thermal denaturing temperatures or melting temperatures of the N-terminal and the C-terminal were 46.2 and 67°C, respectively. Both melting temperatures are comparable to those of the different huBiP variants reported here. It is important to note that unfolding of the N-terminal ATP-binding domain happens first followed by the unfolding of the C-terminal SBDs as previously described [8] . B-cell immunoglobulin binding protein has a low Mg 2+ -dependent ATPase activity [7, 34] . Various reports have described the influence of specific divalent cations on the functions of BiP and especially their impact on its ATPase activity [7, 18] . Therefore, we decided to study the effect of cations on the ATPase activity of huBiP variants, focusing on full-length (S did not support the ATPase activity of full-length huBiP, which is in agreement with the results previously described for mammalian BiP [8, 18] . This lack of stimulation in the presence of calcium could be due to the inhibition of nucleotide exchange, for example, a higher affinity of BiP to ADP than to ATP in the presence of Ca 2+ , which is consistent with our data and those previously described [7, 8, 18] . The efficiency of Mg 2+ and Mn 2+ to stimulate huBiP ATPase at low micromolar divalent ion concentrations was surprising, since previously the optimal Mg 2+ concentration for mammalian BiP was described as 1 mM and it was reported that Mn 2+ is significantly less efficient than Mg 2+ at stimulating ATPase activity [7, 18] . Perhaps previous studies missed the stimulation if submillimolar concentrations of cations were not examined closely [7, 18] . However, it is important to note that the range of efficient stimulation of huBiP ATPase activity by Mn 2+ mirrors the physiological concentrations found in human brain. The concentration of Mg 2+ in the ER has been described to be higher than that of Mn 2+ and is in the range of 10 mM, but only a fraction of this Mg 2+ is available as free cation [35] . Although the concentration of free Mg 2+ in the ER has not yet been determined, it is thought to be similar as that in the cytoplasm and other cellular compartments where submillimolar concentrations of free Mg 2+ were measured [35] . It is important to note that the potential for either cation to influence BiP ATPase activity in vivo must depend on the particular tissue and cellular context [25] .
Consistent with previous reports, DSF showed a twophase melting-point profile of huBiP with the early melting point most likely being due to the melting of the N-terminal NBD of hamster BiP [8] , which is consistent with the finding that divalent cations as well as ATP and ADP binding stabilise this domain. Therefore, we also used DSF to study BiP-ligand ) on the nucleotide binding, as previously described [27] . In the absence of divalent cations, the K d values of all the variants for ADP are lower than K d for ATP, indicating that ADP has a higher binding affinity than ATP under these conditions. , the exchange of ADP happens easily. In contrast, the presence of manganese even at a low concentration results in ADP being tightly bound to huBiP, hindering its ATPase activity at least to some extent. However, as previously reported for higher cation concentrations, the affinity of BiP for ATP is still higher than it is for ADP, such that an exchange of ADP to ATP should still happen. Thus, the lower efficiency of huBiP activity at low ATP concentrations in the presence of Mn 2+ (meaning higher K M ) can be explained by the affinities of huBiP for ATP or ADP, at least in part. However, the higher K M of S À /K À cannot be explained simply by the binding model. Losing these two peptides may result in a conformational hindrance or a kinetic problem affecting the exchange between the two stages, that is the ATPand the ADP-bound forms, or it may cause a conformational change that affects the hydrolysis of ATP, since the binding of ATP is not the limiting factor for the reaction of S À /K À variant of huBiP (see model in Fig. 9 ). The stimulation of the ATPase activity could be caused by the signal sequence acting as an intramolecular D-type domain, or it may even act as a substrate and that this activity is enhanced by the C-terminal KDEL sequence. It is worth remembering that classically, BiP binds to polypeptides and is involved in their translocation into the ER. BiP interacts with the J-domain of the Sec63p, a component of the Sec complex that plays a vital role in the translocation of polypeptides across the ER membrane [37] . BiP in the ADP-bound confirmation blocks the translocon and prevents protein translocation and Ca 2+ leakage, whereas the ATP-bound state opens the translocon and assists in translocation [38] . BiP has more preference towards aliphatic amino acids alanine, valine, leucine and proline. Leucine is the most preferred amino acid for binding to BiP [39] . Due to the Furthermore, when considering the enzyme reaction, the affinities of each flavour of huBiP for ATP and ADP are very important. The ATP-bound state has a weak affinity for substrates (peptides) and the ADPbound state has a higher affinity for substrates, locking the peptides in the SBD for folding (see model proposed in Fig. 9 obtained suggesting that ATP is tightly bound but that the hydrolysis of ATP to ADP is slow. This is also consistent with ATPase assay data suggesting these variants without the signal sequence and KDEL are less active; that is, they need more nucleotide (ATP) to reach the same V max . The enzyme activity might be hindered by the tight binding of ATP to S À /K À or kinetic hinderance of the formation of the ATP-containing transition complex or its changes towards an ADP-bound complex including the hydrolysis of ATP and the formation of ADP (see Fig. 9 ). The ATPase activity depends on the pH and the charge of the NBD of BiP. To study the kinetic parameters of huBiP, ATPase enzyme assays in the presence of increasing ATP concentration were performed and K M and V max values were determined. Interestingly, the specific enzyme activity and V max values of 300 nmolÁh ), whereas 4.7 pmol of ATP hydrolysedÁmin À1 Álg À1 (282 nmolÁh À1 Ámg À1 ) was described for BiP purified from canine pancreas [7] , which are comparable to each other. In contrast, the K M values for these purified enzymes seem to vary more, since published values of K M = 1.48 AE 0.1 lM (purified recombinant haBiP [18] , K M = 0.1 lM (BiP purified from canine pancreas [7] ) and K M of 0.4 lM for ATP (recombinant murine BiP [40] have been previously reported, whereas we found K M of 18-66 lM depending on the Mg 2+ and Mn 2+ concentrations. The difference in these value could depend on the assays such as radioactive and nonradioactive assay system as well as the buffer conditions used but also that here, low lM concentrations of divalent cations and not mM concentrations of Mg 2+ were present in the assays.
Conclusion
We have purified recombinant huBiP variants from E. coli, and these variants behave similarly to previously analysed BiP in terms of size, melting temperatures and conformation. Consistent with previous reports, divalent cations influence the binding of nucleotides and ATPase activity of purified huBiP variants and they showed similar V max values to previously published studies. Interestingly, we found very efficient functional interactions of BiP with Mn 2+ at low physiological concentration. However, these differed in some enzyme parameters such as K d for nucleotides and K M values. All variants bind ADP more tightly than ATP. Interestingly, the presence of signal sequence significantly influences the enzyme characteristics of huBiP.
